Abstract Human EAT-2 (SH2D1B) and SLAM-associated protein (SAP) (SH2D1A) are single SH2-domain adapters, which bind to specific tyrosine residues in the cytoplasmic tail of six signaling lymphocytic activation molecule (SLAM) (SLAMF1)-related receptors. Here we report that, unlike in humans, the mouse and rat Eat2 genes are duplicated with an identical genomic organization. The coding regions of the mouse Eat2a and Eat2b genes share 91% identity at the nucleotide level and 84% at the protein level; similarly, segments of introns are highly conserved.
Introduction
Adapters are modular proteins that lack intrinsic catalytic activity, yet their functionally distinct domains allow them to facilitate the assembly of multimolecular signaling complexes (Koretzky and Myung 2001; Simeoni et al. 2004 ). The recently identified SLAM-associated protein (SAP) family of adapters with only two members, SAP and EAT-2, consist of a single SH2 domain, with only 42% amino acid identity, yet with almost identical structures (Morra et al. 2001b ). While SAP is expressed at high levels in T lymphocytes, natural killer (NK) cells (Engel et al. 2003; Latour and Veillette 2004) and in germinal center B cells (Morra et al. 2005; Nagy et al. 2002) . EAT-2 was found in antigenpresenting cells, e.g., macrophages, dendritic cells, and B cells (Engel et al. 2003; Latour and Veillette 2004) . Thompson et al. (1996) found that mouse eat2 transcripts were also in mouse lung tissue and in the small intestine (Thompson et al. 1996) . The importance of this family of adapters is illustrated by the finding that a defective or absent SAP causes a primary immunodeficiency termed X-linked lymphoproliferative syndrome (XLP) (Coffey et al. 1998; Nichols et al. 1998; Sayos et al. 1998) .
Both SAP and EAT-2 bind with a high affinity to the phosphorylated TIYxxV/I motif (Morra et al. 2001b; Poy et al. 1999 ) present in the cytoplasmic regions of the signaling lymphocytic activation molecule (SLAM) family of receptors, e.g., SLAM, 2B4/CD244, CD84, Ly108 (NTB-A in humans), Ly9/CD229, and CRACC/CS1, although binding of EAT-2 to these proteins was only demonstrated in transfected cells (Morra et al. 2001b; Sayos et al. 2001; Tangye et al. 2002) . The single SH2 domain structure of SAP and EAT-2 and overexpression experiments suggested that they act as natural inhibitors of other SH2 domain proteins, e.g., SHP-2 and SHP-1 specifically targeting the same motif on SLAM receptors (Morra et al. 2001a,b; Poy et al. 1999; Sayos et al. 1998 ). Subsequently, SAP was shown to be a single-domain adapter capable of forming a ternary SLAM/SAP/FynT complex through the SH3 domain of the Src kinase (Chan et al. 2003; Latour et al. 2003; Simarro et al. 2004) .
Here, we describe that in the mouse and rat genome, the Eat2 gene is duplicated, i.e., Eat2a and Eat2b. The murine Eat2b gene has extensive sequence similarity in the coding regions and in flanking intronic sequences with the murine Eat2a gene. Both EAT-2A and EAT-2B bind to the cytoplasmic tail of SLAM and facilitate tyrosine phosphorylation of SLAM by Src kinases. Surprisingly, EAT-2A and EAT-2B specifically bind to the kinase domains of Hck, Lyn, Lck, and Fyn, but not to their SH3 domains.
Materials and methods

Bacterial artificial chromosome library screening and sequencing
The bacterial artificial chromosome (BAC) clone RP23-314H5 (Osoegawa et al. 2000) containing the Eat2 locus was identified by basic local alignment search tool (BLAST) using the Eat2a cDNA sequence, and it was obtained from BAC PAC Resources (Oakland, CA).
A murine 129Sv/J BAC library (Genome Systems) was screened by polymerase chain reaction (PCR) using primers specific for the first exon of murine Eat2a cDNA: EAT1F (5′-ATGGATCTG CCTTACTACCATGGC-3′) and EAT-1R (5′-CAGGGCTCCTGGCACAGACTCCCT-3′). Two positive BAC clones, 22035 and 22036, were identified. Genomic DNA from BAC clones 314H5, 22035, and 22036 was isolated using the QIAGEN Large-Construct Kit (Qiagen Inc., Valencia, CA) and subjected to restrictionenzyme mapping analysis. Exons were identified with four probes (P1-P4) corresponding to their respective exons.
Three fragments containing all exons were amplified from genomic DNA using the following primers specific for each gene: -Eat2a primers: exon 1A (forward, 5′-ATGCTCAGG GATACACTGGGA-3′; reverse, 5′-CCCTGACCCTA ATTCCTTGGGACC-3), exon 2A (forward, 5′-TAGA  TCTTCCATTGGGGGCCCTGTGAT-3′; reverse, 5′-GCACTCTTGCTTTGACGGTCCTT-3′), and exons  3A and 4A (forward, 5′ TCTCCCAGTGAGGCCAG  ACAAGG-3′; reverse, 5′-CTGAGGAGAGGTAAGC  AGGC ATGCA-3′ ). -Eat2b primers: exon 1B (forward, 5′-GTGAAAA  TCTGTACGAGATATGCTG-3′; reverse, 5′-CCATCC  TTCTCCTTGCCATTAAT-3′), exon 2B (forward, 5′-GACTCAAT CCAGATTGGAATTAA CC-3′; reverse,  5′-CCTGTGGTCTGGAGGAATAG-3′) , and exons 3B and 4B (forward 5′-GTA ATATGATAGATTGCAGTGT TGCC-3′; reverse, 5′-CTCTGAAGTCACTATTGA-3′).
Cloning of Eat2a and Eat2b cDNAs from different mouse strains
Eat2a was obtained from Dr. C. Denny (UCLA), and the Eat2b cDNA (BB617320) was obtained from the RIKEN consortium.
For sequencing of Eat2 from BALB/c, C57BL/6, 129Sv/ J, NZB, and NZW mice, total spleen RNA was isolated by a TRIZOL reagent (BRL, Gaithersburg, MA). One-step reverse-transcriptase (RT)-PCR (Invitrogen) was performed using the Eat2a/b-specific primers that amplify the full coding region of Eat2a/b: EAT-F (5′-ATGGA TCTGCCTT ACTACCATGGCT-3′ and EAT-R (5′-TCAA GGCxAAGA CGTCCACATACTCCTCATCAGT-3′).
Amplified fragments were subcloned by TA cloning (Invitrogen), and inserts were sequenced. Nucleotide and protein alignments were performed using DNASTAR (Madison, WI).
Cells
The cell lines designated NFS were grown in tissue culture from primary tumors of NFS.V + congenic mice that express ecotropic murine leukemia viruses at high levels (Hartley et al. 2000) . The lines designated SJL are from SJL/J mice homozygous for the mutant gene lpr (Morse et al. 1985) . Plasmacytoma lines (PCTs) were obtained from the laboratory of Dr. Michael Potter, National Cancer Institute, Bethesda, MD. NK cells from C57BL/6 mice were obtained as described previously (Lee et al. 2004 ). CD8+ T cells were purified from the spleens of C57BL/6 mice using a mouse CD8 enrichment column according to the manufacturer's instructions (R&D Systems, Minneapolis, MN). The purity of the resulting population was typically more than 95%, as determined by flow cytometric analysis using an anti-CD8 monoclonal antibody. Macrophages and mast cells (MCs) were isolated as described previously (Morra et al. 2001b ).
RT-PCR amplification
Total RNA from these cell lines and different tissues from C57BL/6 mice were isolated by TRIZOL reagent (BRL).
One-step RT-PCR (Access RT-PCR kit, Invitrogen) was performed using the following specific primers for Eat2a and Eat2b. Due to their high homology, we designed a common 5′ primer that can hybridize with both molecules and a 3′ primer specific for the exon 3 of each molecule.
Common forward primer: 5′-ATGGATCTGCCTTACT ACCATGGCT-3′, Eat2a-specific reverse primer: 5′-GTTC TTGGAGTATGAGCATCAGTCTC-3′; Eat2b-specific reverse primer 5′-GTTTTTGGAGTACTGGGCTCAGTC-3′.
Mouse Sap primers: forward (5′-GGGGA GAAGCTCT TACTCGCTACC-3′) and reverse (5′-AATCTCTTCTCCC TGTGG GAGCTT-3′).
Mouse Gapdh primers: forward (5′-GGTGGAGCCAA ACGGGTC-3′) and reverse (5′-GGAGTTGCTGTTGAAG TCGCA-3′).
TaqMan experiments
Real-time RT-PCR quantitative analysis of gene transcripts was performed using the TaqMan method as described by Morra et al. (2001b) . In brief, total RNA was prepared from tissues and purified cells by a single-step extraction method using RNA STAT-60 according to the manufacturer's instructions (Tel-Test, Friendswood, TX) . Each RNA preparation was treated with DNase I (Ambion, Austin, TX) at 37°C for 1 h. DNase I treatment was determined to be complete if the sample required at least 38 PCR amplification cycles to reach a threshold level of fluorescence using β 2 -microglobulin as an internal amplicon reference. After phenol extraction, cDNA was prepared from the sample using the SuperScript Choice System following the manufacturer's instructions (Invitrogen).
Gene expression was measured by TaqMan quantitative PCR (Applied Biosystems, Foster City, CA). PCR probes were designed by PrimerExpress software (Applied Biosystems). The following mouse eat-2 primer combination was used: forward (5′-GCTGCCACATCTGCAAGT GT-3′) and reverse (5′-GAACAGATCTTGCTATCCCAATCA-3′). The eat-2 probe (5′-TGCCAATTTCTAGTGAGCCACTG AGACCC-3′) was labeled using 6-carboxyfluorescein (Applied Biosystems), and the β 2 -microglobulin probe was labeled with VIC. Each reaction contained 200 nM of forward and reverse primers plus a 100-nM probe for β 2 -microglobulin and 600-nM forward and reverse primers plus a 200-nM probe for eat-2. Reactions were conducted in TaqMan Universal PCR Master Mix (Applied Biosystems) using an ABI PRISM 7700 Sequence Detection System (Applied Biosystems). Conditions were as follows: hold for 2 min at 50°C and 10 min at 95°C, followed by two-step PCR for 40 cycles of 95°C for 15 s followed by 60°C for 1 min.
Antibodies
The rabbit anti-mouse-EAT-2A/2B polyclonal antibody was obtained by immunization of rabbits with a bovine serum albumin (BSA)-peptide conjugate, BSA-(C) QRGR RMELELNVYENTDEEYVDVLP, corresponding to the last 25 amino acids of the EAT-2A. However, the antiserum cross-reacts with EAT-2B. Anti-rabbit-peroxidase and streptavidin-coupled peroxidase were obtained from Amersham (Amersham Biosciences, Uppsala, Sweden). Phosphotyrosine-specific antibody (PT-66) and anti-FLAG (M2) were purchased from Sigma (St. Louis, MO). The anti-Fyn antibody (fyn3) was obtained from Santa Cruz Biotechnology.
Immunoprecipitation, Western blotting
For transfection into 293 cells, Eat2a and Eat2b cDNAs from the C57BL/6 strain were cloned into the pCI vector (Promega, Madison, WI). The FLAG sequence was subsequently added at the N-terminal of the sequence by PCR, including the appropriate sequences into the 5′-primer. The mouse SLAM (CD150) construct was generated as described elsewhere (Howie et al. 2002) . Prey plasmids constructed for this study (a) or previously described (Chan et al. 2003; Simarro et al. 2004 ) (b) are summarized. The protein regions of Src kinases encoded are specified Using Lipofectamine2000 (Invitrogen), 1.5×10 6 293T cells were transiently transfected with 1.5 μg of pCI mouse SLAM, with 1 μg pCMV Flag mouse Eat2a or 1 μg pCMV Flag mouse Eat2b and 0.2 μg pCI FynT. Empty pCI or pCMV-Flag plasmids were used to equalize the total amount of DNA in each transfection. Sixty hours posttransfection, cell-surface proteins were biotinylated for 20 min with 1 ml of 0.5 μg/ml Sulfo-NHS-Biotin (Pierce) as described by the manufacturer. Cells were lysed in lysis buffer containing 0.5% Triton X-100 (Sigma). Precleared lysates were incubated with 3 μg 9D1 anti-mouse SLAM antibody (Howie et al. 2002) and 30 μl of ImmunoPure Immobilized Protein G (Pierce). Precleared lysates or immunocomplexes were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidine difluoride membranes (Immobilon-P, Millipore). Membranes were blocked with 3% BSA, incubated with the indicated primary antibodies and horseradish peroxidase-conjugated secondary antibodies, and developed using enhanced chemiluminescence (Pierce). Glutathione S-transferase (GST) precipitation and immunoprecipitation of ternary complexes were described elsewhere (Chan et al. 2003; Simarro et al. 2004 ).
Yeast two-hybrid analysis
Bait and prey plasmids for yeast two-hybrid studies were constructed by standard molecular biology procedures. Specific primer sequences used to clone the specified regions of Src kinase (Table 1) into the bait plasmid are available upon request.
For yeast two-hybrid, assays were done as described (Simarro et al. 2004) . Briefly, bait strains expressing the mouse EAT-2A-LexA and mouse EAT-2B-LexA fusion proteins were obtained by transforming the yeast strain EGY48 p8op lacZ with vector pEG202 (Invitrogen) containing the full-length mouse EAT-2A and mouse EAT-2B fused in-frame to the LexA binding domain. The resultant bait yeast strains were transformed with the various prey constructs. The bait strain expressing human SAP has been described (Chan et al. 2003) .
To construct the prey vectors, regions of cDNAs encoding the full-length human LYN human HCK and mouse Fgr kinases or their specified domains were amplified from pCDNA3-Lyn, pCDNA3-Lyn K275D, pBSII-mFgr, pCDNA3-Hck, pCDNA3.1-Hck W93A, and pCDNA3-Hck K269E (generous gifts from Dr. T. Smithgall) by highfidelity PCR and cloned into the EcoRI/XhoI site (Lyn, Hck) or into the HindIII/XhoI sites (Fgr) of pYesTrp2, inframe with the B42 activation domain. Prey constructs used in this work are summarized in Table 1 . All other prey constructs had been described elsewhere (Chan et al. 2003; Simarro et al. 2004) .
Protein interactions were analyzed by transformation of the bait strains with the appropriate prey constructs. The transformants were plated first on UTH plates (lacking uracil, tryptophan, and histidine) to select for cells that carry the bait and the prey constructs. Next, colonies were replica-plated on UTHL/Gal/Raf plates, and β-galactosidase activity of the colonies was tested by standard methods (Clontech Yeast Handbook). PEG202-Lamin and pYesTrp-Jun were used as negative controls for the bait and the prey constructs, respectively (Chan et al. 2003) .
Results
Genomic organization of mouse Eat2a and Eat2b
An analysis of the GeneBank database revealed that a genomic BAC clone RP23-314H5 (AC121606) contained a duplicated mouse Eat2 gene in the C57BL/6 strain. Restriction mapping of this BAC clone confirmed the presence of a duplicated Eat2 loci (data not shown), approximately 25 kb from each other. The same duplication was also present in the 129Sv/J strain as confirmed by restriction mapping and sequencing of two 129Sv/J BAC clones (22035 and 22036, see "Materials and methods"), excluding the possibility that the duplication event was limited to the C57BL/6 strain. We designated the previously published Eat2 gene (Thompson et al. 1996) (AF020263) as Eat2a and the new gene as Eat2b. Both genes are in relatively close proximity (1.3 Mbp) to the SLAM locus on the long arm of the mouse chromosome 1. The genomic structure of the Eat2b locus is similar to that of Eat2a; however, the size of the first intron is considerably longer in Eat2b (15 kb) than in Eat2a (2.2 kb) (Fig. 1) . The Eat2a and Eat2b loci encompass 6.5 and 20 kb, respectively. In C57BL/6 mice, the coding region of the first, second, and fourth exons is highly conserved between Eat2a and Eat2b (100, 96 and 100%, respectively), while the third exon is less conserved (81%) (Fig. 1) . In addition to exon sequences, intronic regions, including those flanking the exons as well as the 5′ and 3′ untranslated regions are highly conserved (Fig. 1) . The highest level of conservation was identified between the third introns, with 95% sequence identity. Two Eat2 genes are found in the rat genome as well; the organization of both rat Eat2a and Eat2b are similar to that in mouse (Supplementary Fig. S1 ). Based on the available sequence information, no similar duplication event of the EAT-2 locus can be identified in the human genome (Morra et al. 2001b ).
The murine Eat2a and Eat2b nucleotide and protein sequences
The mouse expressed sequence tag (EST) database contains one C57BL/6 EST (BB617320) that is 99% identical to C57BL/6 Eat2b. This EST was isolated from a cDNA library prepared with RNA isolated from the ovary and uterus of an 11-day pregnant adult female mouse. Sequence analysis of the BB617320 clone (data not shown) revealed that the sequence of this EST was indeed identical with the corresponding C57BL/6 genomic sequences of Eat2b (DQ131181) derived from BAC clone RP23-314H5.
Next, the nucleotide sequences of the coding regions of the C57BL/6 (DQ131181) and 129Sv/J (DQ132511 and DQ132512) Eat2b genes were determined using the respective BAC clones ("Materials and methods"). A comparison between the two nucleotide sequences identified two differences, one of which affects the predicted protein sequence, namely, glycine 23 in C57BL/6 is a serine in the 129Sv/J strain. Interestingly, glycine 23 is a surface residue located in a loop structure between the first α-helix and the second β-sheet, which is conserved not only between EAT-2A and EAT-2B in C57BL/6 mice but also in mouse and human EAT-2 and SAP (Fig. 2, Supplementary Fig. S2 ). Upon sequencing of the Eat2a cDNAs isolated from the spleen of C57BL/6 (DQ131180), 129Sv/J (DQ132507), BALB/c (DQ132508), NZW (DQ132510), or NZB (DQ 132509) mice, no sequence differences were detected. However, in CD11c + cells isolated from NOD mice (BY 748080, Okazaki et al. 2002) serine 71 replaced threonine 71 found in the other strains. This substitution is unlikely to cause major changes in the function of the EAT-2A protein because serine 71 is also present in human EAT-2. The alignment of EAT-2A protein sequences in BALB/c, 129Sv/ J, NZW, NZB, and NOD mice is shown in Supplementary  Fig. S2 .
Although a comparison of the predicted amino acid sequences of mouse EAT-2A and EAT-2B revealed differences in exon 3 (Fig. 2) , these differences are unlikely to affect the binding to the SLAM receptors (see below). The amino acids involved in the binding of SAP to the SH3 domain of the Src kinase FynT (Chan et al. 2003; Latour et al. 2003) are not found in EAT-2A and EAT-2B (Fig. 2) . A putative SH3-domain binding motif (PSTP) is present in the third exon of murine Eat2b, suggesting a possible role in binding the SH3 domains of proteins. Taken together, these results suggest that EAT-2B is likely to be a functional homolog of EAT-2A in mice, and probably in rats as well (Fig. 2) .
Expression of Eat2a and Eat2b
To determine whether the Eat2b gene had a similar expression pattern as Eat2a, RNA from several mouse tissues was analyzed for the presence of the Eat2b transcript. While Eat2a was expressed in the spleen, thymus, lung, kidney, heart, colon, and small bowel, Eat2b expression was only detected in the spleen when highly specific Eat2b primers were used (Fig. 3a,b) . However, whereas only Eat2a RNA was found in B-cell tumors ( Supplementary  Fig. S3 ), both Eat2a and Eat2b transcripts were detected in macrophages, CD8 + T cells, and NK cells (Fig. 3c) . Interestingly, from all tissues and cell types tested, NK expresses Eat2b at the highest level (Fig. 3c) . It should be noted that quantitative analysis of the combined expression of Eat2a and Eat2b by TaqMan methodology shows that the expression of both genes is reduced dramatically upon activation of CD8 + cells, CD11b + cells, and B cells (Fig. 3d) . Interestingly, expression of both genes was also found in activated MCs, but not in resting CD4+ cells.
EAT-2B binding to SLAM
EAT-2A binds to the TIYxxV/I motif present in SLAM and in other members of the SLAM family (Engel et al. 2003; Latour and Veillette 2004) . To test whether the EAT-2B protein also binds to mouse SLAM, a 293-T-cell assay was employed. Cells were transiently transfected with plasmids encoding for SLAM and EAT-2B or EAT-2A (Fig. 4) . As binding of EAT-2A to SLAM is dependent on SLAM phosphorylation (Morra et al. 2001b ), the Src kinase Fyn was also transfected (Fig. 4, lanes 4-6) . Both EAT-2A and EAT-2B coimmunoprecipitated with SLAM using 9D1, a mouse SLAM-specific antibody (Howie et al. 2002) , regardless whether Fyn was present or absent. But as SLAM was phosphorylated in the absence of Fyn, presumably by an endogenous tyrosine kinase, EAT-2A and EAT-2B are likely to bind preferentially to the phosphorylated form of SLAM (Fig. 4) . These results suggest that EAT-2B behaves similarly to EAT-2A in binding to SLAM receptors.
Binding of EAT-2A and EAT-2B to Src kinases
The structural similarities of EAT-2A/B and SAP and the presence of EAT-2A in antigen-presenting cells suggests that EAT-2A may interact with the Hck, Fgr, and Lyn protein tyrosine kinases in activated protein Cs (APCs), and with Lck and Fyn in T cells and NK cells. We therefore examined whether EAT-2A and/or EAT-2B bind to these Src kinases employing a yeast two-hybrid analysis. First, two "bait" strains were obtained expressing EAT-2A or EAT-2B in-frame with the LexA DNA binding domain. These strains were transfected with "prey" constructs encoding fusion proteins of the B42-activation domain and the full-length proteins of Hck, Lyn, Fgr, Lck, or Fyn. As shown in Fig. 5a and Table 2a , both EAT-2A and EAT-2B bind all of these Src kinases. Because we and others found that SAP binds to the SH3 and kinase domains of Fyn (Chan et al. 2003; Latour et al. 2003) and only to the kinase domain of Lck (Simarro et al. 2004 ), we expressed single or multiple domains of Fyn and Hck as prey proteins in the EAT-2A or in the EAT-2B bait strain (Table 2b) . Both EAT-2A and EAT-2B reacted with the kinase domains of HCK or FYN, while no interactions were detected with the SH3 domains or other domains of these kinases (Table 2b) . Furthermore, interactions of EAT-2A and EAT-2B with LYN or LCK also occur via the kinase domains (Table 2c) .
To verify the kinase-domain-specific interactions of Src kinases with EAT-2A/B, we also tested mutant forms of Hck and Lyn, in which a single amino acid substitution was introduced into the SH3 or into the kinase domain. Whilst the well-characterized Hck K269E (Briggs et al. 1995) and Lyn K275D (Dai et al. 2004 ) mutations change the invariant lysine residue that forms ion pairs with the α-and β-phosphates of adenosine triphosphate (ATP) (Sicheri et al. 1997; Xu et al. 1997 ) and abolish kinase activity, the Hck W93A mutation abrogates the interaction between proteins carrying PXXP consensus sequences and the SH3 domain of Hck (Schreiner et al. 2002) . We found that fulllength Hck or Lyn kinases with a functionally inactive kinase domain failed to bind either EAT-2A or EAT-2B, while mutation of the SH3 domain did not preclude binding ( Fig. 5b and Table 2a ).
Due to the extreme sensitivity of the yeast two-hybrid system, we further studied whether these interactions occur in mammalian cells. Hck, Lyn, and Fyn T were expressed as GST fusion proteins in 293T cells in combination with EAT-2B. As shown in Fig. 5c , these GST-Src kinase fusion Fig. 3 Expression pattern of the mouse Eat2 genes. a Expression of Eat2a and Eat2b in several C57BL/6 tissues. Sap and Gapdh primers were used as controls. b PCR using specific primers of Eat2b, using Eat2a or Eat2b constructs as templates and water as a control. c RT-PCR of NK cells, CD8+ T cells, and macrophages RNA using primers directed against Eat2a or Eat2b RNAs. Sap and Gapdh primers were used as controls. d Relative expressions of Eat2 genes in multiple mouse tissues and cells by quantitative PCR of cDNA using TaqMan analysis. Primers and probes used for the TaqMan experiments amplify both Eat2a and Eat2b RNA proteins coprecipitated with EAT-2B. There is an apparent difference between the affinity of EAT2B binding to these kinases, which may contribute to selective interaction of the appropriate Src kinase with EAT-2 proteins. Similarly to what was seen in yeast, no significant binding was observed between EAT-2B and the kinase-dead form of Hck or Lyn (lanes 3 and 5). Binding, however, was not dependent on a functional SH3 domain (lane 2). Therefore, we conclude that both EAT-2A and EAT-2B bind to the kinase domains of multiple Src kinases, and that this binding is dependent upon the active configuration of the kinase. The latter suggests that EAT-2A/B binds to a segment of the kinase that becomes exposed upon assuming the active configuration.
Next, we examined whether a ternary complex, analogous to the SLAM/SAP/FynT complex, can be formed by SLAM, EAT-2, and FynT. In transiently transfected 293T cells, SLAM coprecipitated with both EAT-2A and FynT (Fig. 5d) , suggesting that EAT-2 proteins may act as single SH2-domain adapters.
Discussion
The generation of paralogs by gene duplication is an important evolutionary mechanism that may create new gene function. The new gene may become a functionally inactive pseudogene by accumulating deleterious mutations, or less frequently, advantageous mutations are fixed that may evolve into new gene function (Walsh 1995) . Such gene duplication events may have led to the creation of large receptor families such as the immunoglobulin gene family, including the SLAM/CD2 family or the relatively smaller SAP/EAT adapter family discussed here (Arico et al. 2001; Latour and Veillette 2004; Morra et al. 2001a; Wang et al. 2001) . We have identified Eat2b as a new member of the SAP adapter family, a homolog of Eat2a previously known Fig. 4 EAT-2B inetracts with SLAm and augments its phosphorylation. Binding of EAT-2A and EAT-2B to the SLAM receptor was examined by transfecting 293T cells with expression plasmids encoding for mouse SLAM, EAT-2A, EAT-2B, and FynT, as indicated. Sixty hours posttransfection, cell-surface proteins were biotinylated, and cell lysates were prepared. Mouse SLAM was precipitated with an antibody [9D1 (Howie et al. 2002) ] EAT-2A and EAT-2B coprecipitated with SLAM was detected by Western blotting with an EAT-2A/b-specific rabbit antiserum. SLAM and phosphorylated SLAM in the anti-SLAM precipitates were detected with streptavidine-peroxidase or a peroxidase-coupled phosphotyrosine antibody, respectively as Eat2. Eat2a and its duplicated form Eat2b have the same genomic organization that is also shared with the SAP gene Sh2d1a. Both Eat2 genes show high levels of sequence similarity between their coding regions and in flanking intronic sequences. The conservation of these sequences indicates the presence of selective pressure on these genomic regions, suggesting that Eat2b is a functionally active gene. This duplication event probably occurred recently during evolution, based on the very high degree of sequence similarity between Eat2a and Eat2b: exon 1, 100%; exon 2, (Table 1) as indicated. Transformant yeast cells were plated selective HUTL/Gal/Raf plates containing X-Gal. Interaction between the EAT-2 and full-legnth wild-type (a), or mutant (b) Src kinases carrying a nonfunctional kinase domain. c 293T cells were transiently transfected with constructs encoding EAT-2B and the wild-type or mutant forms of different full-length Src kinases as GST fusion proteins. Hck K269E Lyn K275 carry a mutation that causes a kinase-dead phenotype, while the Hck W93E substitution renders the kinase unable to bind consensus PxxP motiffs. Sixty hours posttransfection, cleared lysates were precipitated with Glutathione-Sepharose beads and analyzed by PAGE and Western blotting with the indicated antibodies. d Lysates of cell surface-biotinylated 293T cells transfected with constructs encoding the indicated combination of proteins were immunoprecipitated with a SLAM-specific antibody and analyzed by PAGE and Western blotting. Biotinylated SLAM was detected by streptavidine-peroxidase (SAV-PO, Amersham). Phosphorylated SLAM was detected by the PT66-HRP phosphotyrosine-specific antibody (Sigma) or with anti-FLAG (M2, Sigma) 96%; exon 3, 81%; and exon 4, 100%, respectively. Remarkably, not only the exons but also the putative promoter regions of 700 bp have a high degree (90%) of nucleotide sequence homology. Similarly, 300 bp upstream of exon 2 (94%), a 300-bp segment of the second intron (82%), the whole third intron (95%), and the 2-kb 3′-flanking region (90%) are conserved. Thus, Eat2b is likely to be a functional homolog of Eat2a, and the differences in exon 3 sequences may translate into yet unexplored functional divergence.
It is somewhat surprising that a similar gene duplication event is not detectable in humans. It is possible that in humans, a strong selective pressure was at work against individuals that carried the duplicated gene or a different gene function diversification mechanism, e.g., alternative splicing is active (Kopelman et al. 2005) .
Human EAT-2 is found in CD4 + and CD8 + T cells and NK cells (Morra et al. 2001b; Tangye et al. 2002; Veillette and Latour 2003) . Mouse Eat2a transcripts were found in tissues, including the spleen, lymph nodes, lung and small intestine, B cells and macrophages (Thompson et al. 1996; Morra et al. 2001b) , and in dendritic cells (BY748080, Okazaki et al. 2002) . Here, we report that Eat2b is coexpressed with Eat2a in NK cells and CD8 + T cells, and the EST data suggest that Eat2b might be expressed in reproductive organs (BB617320). The reason for this might be different methylation levels of Eat2a and Eat2b or an unknown negative regulatory element, which is present in the noncoding regions of Eat2b.
Several lines of evidence suggest that SAP and EAT-2A/ B may be adapters that play a role in the regulation of cell proliferation. EAT-2A was first described as an mRNA induced by the EWS/FLI1 fusion protein expressed in Ewing's sarcoma patients (Thompson et al. 1996) . SAP is expressed at high levels in multiple transformed T-cell lines and type I Epstein-Barr virus (EBV)-transformed B-cell lines or EBV-negative Burkitt lymphoma (BL) lines (Nagy et al. 2000) . Moreover, Sh2d1a was found to be upregulated by wild-type p53 (Nagy et al. 2004) . In this regard, it is interesting that only the Eat2a gene is expressed in primary B-cell tumors. Further studies are required to decipher the role of EAT-2 proteins in the regulation of cell proliferation.
As EAT-2 proteins lack key amino acids contributing to the interaction of SAP with the SH3 domain of FynT (Chan et al. 2003; Latour et al. 2003) , the mechanism by which EAT-2A and EAT-2B activate Src kinases is not well understood. Here, we report that in yeast, EAT-2A and EAT-2B bind to the full-length Hck, Lyn, Fyn, Lck, and Fgr kinases through their kinase domains, as confirmed by the interaction between EAT-2 proteins and individual kinase domains (Table 2c) . Furthermore, these interactions were found to be dependent on the presence of a functional kinase domain, as the "kinase-dead" mutant forms of Hck (K269E) or Lyn (K275D) failed to bind the EAT-2 proteins. Thus, either the native conformation of the (inactive) kinase or the autophosphorylated, active kinase conformation allows binding to the EAT-2 proteins. In this regard, phosphorylation of Src kinases was found in yeast by several groups (Sayos et al. 2001; Superti-Furga et al. 1996; Takashima et al. 2003; Young et al. 2001) . The putative SH3-domain binding motif (PSTP) present in EAT-2B, but not in EAT-2A, does not seem to play a role in binding the Fig. 5c , we show that EAT-2B binds to full-length FynT, Hck, and to some extent, Lyn. As in the yeast two-hybrid system, precipitation of Hck and Lyn by EAT-2B was dependent on an intact kinase domain but not on an intact SH3 domain (Fig. 5c ). The apparent difference in the binding affinities of the EAT-2/Src kinase interactions may represent a molecular tool for selective recruitment of the appropriate Src kinases to SLAM receptors present on T cells, NK cells, and/or on APC. Similar to the FynT/SAP/SLAM ternary complex, a ternary complex of FynT/EAT-2A/SLAM is formed in transfected mammalian cells (Fig. 5d ), suggesting that like SAP, EAT-2 proteins use separate binding sites for binding to Src kinases and cell-surface receptors. The ternary complex is formed via EAT-2A as a direct interaction between EAT-2A and FynT or Hck (Fig. 5c ). Data presented here raise important questions. First, as EAT-2A and EAT-2B seem to bind the same set of kinases, why do rodents need two EAT-2 genes? We speculate that the two proteins have evolved to carry out different functions using the divergent protein regions coded by exon 3. These divergence may be responsible for differential recruitment of EAT-2 proteins into distinct multiprotein assemblies where they regulate the activity of Src kinases. Second, how does EAT-2A and EAT-2B in rodents share and divide the adapter function in regulating downstream signaling of SLAM-family receptors or other cell-surface receptors? Further studies are necessary to address these questions in detail, a task that will be greatly facilitated by the availability of the Eat2a null , Eat2b null , and Eat2a/b null mice.
